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F o r P e e r R e v i e w A redox activated vase-to-kite conformational change is reported for a new resorcinarene-based cavitand appended with four quinoxaline-fused thianthrene units. In its neutral state, the thianthrene-containing cavitand was shown by 1H NMR to adopt a closed vase conformation. Upon oxidation the electrostatic repulsion among the thianthrene radical cations promotes a kite conformation in the thianthrene-containing cavitand. The addition of acid produced a shoulder feature below 300 nm in cavitand's UV-Vis spectrum that we have assigned to the vase-to-kite conformation change. UV-Vis spectroelectrochemical studies of the cavitand revealed a development of a similar shoulder peak consistent with the oxidationinduced vase-to-kite conformation change. To support that the shoulder peak is diagnostic for a vase-to-kite conformation change, a model molecule constituting a single quinoxaline wall of the cavitand was synthesized and studied. As expected UV-Vis spectroelectrochemical studies of the cavitand arm did not display a shoulder peak below 300 nm. The oxidation-induced vase-to-kite conformation is further confirmed by the distinctive upfield shift in 1H chemical shift of the methine signal. Since the first reported synthesis of quinoxaline-bridged resorcinarene cavitand by Cram and co-workers in 1982, 2 the diversity and complexity in both the structures and functionalities of cavitand derivatives have expanded dramatically. To date, cavitands have found utility as switches, 3 receptors, 4 sensors, 5 catalysts, 6 molecular hosts, 7 molecular grippers 8 and solid-phase microextractors. 9 Many of these applications hinge on the ability of quinoxaline-bridged cavitands to adopt, often in response to an external stimulus, two spatially well-defined conformations: closed "vase" and open "kite" forms.
Resorcinarene cavitands with four quinoxaline bridges are known to undergo vase-kite conformational switching induced by changes in temperature, 10 pH, 11 and metal ion concentration. 12 To harness the unique conformational switching properties of these cavitands in electronic devices, we have sought to effect the vase-kite conformation by redox reactions. In 2006, Diederich reported electrochemical molecular switching using a tetrathiafulvalene (TTF)-bridged resorcinarene cavitand. 13 The incorporation of electroactive TTF groups in quinoxaline-based cavitands is synthetically challenging and changes in the cyclic voltammetry and differential pulse voltammetry spectra were used as evidence for electrochemically-induced vase-to-kite conformation change. More recently, the same group developed quinonebased, redox-active resorcinarene cavitands that utilize intramolecular hydrogen bonding, which is only present in the reduced hydroquinone state, to stabilize the vase conformation. 14 While such a system successfully demonstrated the viability of redox switchable cavitands, the deployment of quinone-based cavitands in electronic devices is limited by the need for an external proton source (e.g. a protic solvent). Moreover, electrochemical kinetics requiring coupled delivery of protons is often sluggish. To circumvent these problems, Peris and co-workers recently reported a tetraferrocenylresorcinarene cavitand as a redox-switchable host for ammonium salts. 15 However, this cavitand remains in vase conformation in both the neutral and +4 oxidation states.
Hence, there is still a need for redox-active resorcinarene cavitands that are readily synthesized and undergo rapid electrochemically-induced vase-kite conformation changes. Herein, we report the synthesis and conformational switching properties of a novel resorcinarene-based cavitand 1 featuring four quinoxaline-fused thianthrene units (Figure 1 ). Thianthrene has been studied extensively for its redox activity, 16 and a peculiar aspect of its redox chemistry is the geometric changes that accompany oxidation ( Figure 2 ). In its neutral state, thianthrene is a bent molecule with a fold angle of 128 o between the two planes of benzene rings. The folded structure appears to be favored in the neutral state to avoid repulsion between occupied 3pz(Sulfur)−π*cc orbitals. 17 (Figure 2 ). 18 We hypothesized that neutral 1 will adopt the vase conformation and with oxidation electrostatic repulsion among the thianthrene radical cations will favor the kite conformation ( Figure 3 ). The combination of the thianthrene and cavitand conformational changes has the prospect to endow these systems with new electroactive complexing properties. To demonstrate electrochemical switching, thianthrenecontaining cavitand 1 was synthesized (Scheme 1). Dibromothianthrene 2 was synthesized from an SNAr reaction between benzene-1,2-dithiol and 1,2-dibromo-4,5-difluorobenzene as previously reported. 19 Using a modified procedure, 20 palladiumcatalyzed Buchwald-Hartwig amination of 2 with benzophenone imine yielded diimine 3, which upon acidic hydrolysis followed by basic work-up afforded diamine 4. The condensation reaction of 4 with oxalic acid gave diol 5, which was in turn subjected to thionyl chloride to give dichloride 6, a key intermediate to this synthesis. Finally, cavitand 1 was obtained by SNAr reaction of 6 with resorcinarene (R = C6H13). This six-step synthesis is accomplished in an overall yield of 28%.
For electrochemical actuation cavitand 1 should be: 1) in the vase conformation while in a neutral state at room temperature, and 2) convert to the kite conformation upon oxidation. Vase-tokite conformation changes can be monitored by the distinctive methine chemical shift from ca. 5.5 ppm (vase conformation) to ca. 3.8 ppm (kite conformation), 21 and by a change in the UV-Vis spectrum. 11 Therefore, we sought to validate the abovementioned two criteria using both 1 H NMR and UV-Vis spectroscopy.
The methine signal for cavitand 1 in neutral state at room temperature was 5.20 ppm and hence, based on literature data, 1 is in vase conformation. Quinoxaline-based cavitands are known to undergo vase-to-kite conformation change upon protonation and at low temperatures. Hence, we treated 1 with trifluoroacetic acid (TFA) and also did variable temperature studies. With addition of TFA the thianthrene-containing cavitand 1 adopts the kite conformation, as evident from the 5.20 ppm methine signal (vase conformation) shifting to 3.90 ppm (kite conformation) ( Figure 4 ). Similarly, we observe a gradual upfield shift in the methine proton resonance with decreasing temperature (see Supporting Information). Treatment with TFA produced a shoulder peak below 300 nm in the UV-Vis spectra of 1 (Figure 5 ), which led us to hypothesize that the vase-to-kite conformation change is responsible for the development of this shoulder peak. Compound 1 can also be oxidized electrochemically ( Figure  6 ) and UV-Vis spectroelectrochemical measurements conducted above the oxidation peak potential (Figure 7 ) revealed the development of a similar shoulder peak below 300 nm. Again this is consistent with 1 undergoing a vase-to-kite conformation change upon oxidation. The peaks at 262 nm and 374 nm decrease in intensity, presumably as a result of the consumption of 1 by oxidation. To provide further evidence that 1 undergoes a vase-to-kite conformation change upon oxidation, 7, which constitutes a single quinoxaline wall of 1, was synthesized (Scheme 2). A low concentration of starting materials was required to produce 7, presumably at higher concentrations the SNAr reaction produces oligomers. In the absence of the resorcinarene framework, the single cavitand wall 7 should not have the vase-to-kite signatures of the shoulder peak in the UV-Vis spectra. Indeed, the UV-Vis spectra of 7 under different TFA concentrations and spectroelectrochemical studies did not display the shoulder peak below 300 nm (see Supporting Information). As a result, we are confident that this UV-Vis spectroscopic feature is specific to the cavitand and its vase-to-kite conformation change. We observe a new peak at 313 nm, corresponding to the newly formed radical cation of 7, and a reduction in peak intensities at 264 nm and 363 nm, similar to 1.
Although UV-Vis spectroscopy provided some evidence for vaseto-kite conformation change upon oxidation, the most definitive evidence is provided by NMR analysis of chemically oxidized cavitand 1. Nitrosyl tetrafluoroborate (NOBF4) has been previously reported to oxidize thianthrene, generating the thianthrene radical cation tetrafluoroborate, 22 and we treated cavitand 1 with NOBF4 in deuterated chloroform. However, detecting definitive changes in the methine's chemical shift is potentially complicated by the fact that the oxidized material contains radical cations. Oxidation of the quinoxaline wall 7 showed spectrum wherein the methylene chemical shift was largely unaffected (Figure 8 ). The observed splitting is presumably due to the two methylene protons having slightly different chemical environments after oxidation. Subjecting cavitand 1 to the same oxidation conditions provided a definitive change in methine chemical shift from 5.20 ppm (vase conformation) to 3.71 ppm (kite conformation) (Figure 9 ). EPR spectra of both oxidized 1 and 7 showed a single signal with giso = 2.0075 and 2.0076 respectively, suggesting the formation of radical cations from the chemical oxidation. Given that we were able to measure the NMR spectra on this system suggests that the radical cations are sufficiently removed from the methine protons such that they are not dramatically broadened. 
Figure 8
1 H NMR spectra of 7 before (blue) and after (maroon) oxidation.
Figure 9
1 H NMR spectra of 1 before (blue) and after (maroon) oxidation.
In summary, we have successfully demonstrated that cavitand 1 undergoes vase-to-kite conformation change upon oxidation. Thianthrene cavitands represent an attractive scaffold for the formation of new functional supramolecular structures with switchable conformations. Our ongoing studies will focus on generating related functional thianthrene-containing cavitands with applications in electronics and separations.
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NMR spectra were recorded on a 400 MHz spectrometer. Chemical shifts were reported in ppm and referenced to residual solvent peaks (CDCl3: δ 7.26 ppm for 1 H, δ 77.16 ppm for 13 C, DMSO: δ 2.50 ppm for 1 H, δ 39.52 ppm for 13 C). UV-Vis spectra were obtained using a diode array spectrometer. Electrochemical measurements were carried in a threeelectrode cell configuration consisting of a quasi-internal Ag wire reference electrode submerged in 0.01 AgNO3 / 0.1 M tetrabutylammonium hexafluorophosphate (TBAPF6) in anhydrous CH2Cl2 with TBAPF6 as supporting electrolyte, a Pt button (1.6 mm in diameter) electrode as the working electrode, and a Pt coil as the counter electrode. The ferrocene/ferrocenium (Fc/Fc+) redox couple was used as an external reference. EPR spectra were obtained operating as the Xband with 100 kHz modulation at room temperature. All air and water sensitive synthetic manipulations were performed under an argon atmosphere using standard Schlenk techniques. Anhydrous DMF and 1,2-dichloroethane were purchased from Aldrich as Sure-Seal Bottles and used as received. CH2Cl2 and toluene were purified by passage through two alumina columns of an Innovative Technologies purification system. All other chemicals were of reagent grade and used as received. 
N,N'-(Thianthrene-2,3-diyl)bis(1,1-diphenylmethanimine) (3)
A solution of anhydrous toluene with Pd2(dba)3 (0.576 g, 0.629 mmol) and rac-BINAP (0.783 g, 1.26 mmol) was degassed by 3 freeze-pumpthaw cycles, filled with argon and stirred at 110 o C for 30 mins. After cooling to room temperature, 2 (2.94 g. 7.86 mmol), NaO t Bu (1.96 g, 20.4 mmol) and diphenylmethanimine (3.45 mL, 20.4 mmol) were added subsequently to the reaction. The reaction was then stirred overnight at 110 o C. The reaction mixture was cooled down and filtered through Celite, washing with CH2Cl2. The filtrate was concentrated in vacuo and the resulting crude product was purified by gel column chromatography eluting with hexane to ethyl acetate/hexane = 5/95 to obtain 3. 
Thianthrene-2,3-diamine (4)
To a solution of 3 (3.97 g, 6.91 mmol) in THF (100 mL) was added 2 M HCl aqueous solution (10.5 mL). The reaction mixture was stirred at room temperature for 30 mins and then concentrated in vacuo. To the crude product was added CH2Cl2 and the suspension was subjected to sonication for 30 mins, filtered and dried to obtain 4.2HCl. To a solution of 4.2HCl in THF (100 mL) was added 2 M NaOH aqueous solution (10 mL). The reaction mixture was stirred at room temperature for 30 mins before concentrating in vacuo. To the crude product was added water and the suspension was subjected to sonication for 30 mins, filtered and dried to obtain 4. To a slurry of 5 (1.79 g, 5.86 mmol) and thionyl chloride (1.3 mL, 17.6 mmol) in anhydrous 1,2-dichloroethane (100 mL) was added 8 drops of anhydrous DMF. The reaction was stirred under reflux overnight. After cooling to room temperature, the reaction mixture was concentrated in vacuo and the crude product was purified by gel column chromatography eluting with hexane/toluene = 1/1 to toluene to afford 6.
Yield: 1.69 g (85%); bright yellow powder; Rf = 0. 
Thianthrene-containing cavitand (1)
To a Schlenk flask containing resorcinarene (R = C6H13) 11 (0.167 g, 0.202 mmol) and K2CO3 (0.419 g, 3.03 mmol) under argon was added anhydrous DMF (20 mL). After stirring the reaction at room temperature for 20 mins, 6 (0.300 g, 0.890 mmol) was added and the reaction was stirred overnight at 85 o C. After cooling to room temperature, the reaction mixture was poured into 1 M HCl solution. The residue was collected, dissolved in CH2Cl2, and filtered to remove an orange residue. The filtrate was collected and concentrated to give the crude product. The crude product was purified by recrystallization (DCM/EtOH) to afford 1. To a Schlenk flask containing bis(2-hydroxyphenyl)methane (59.3 mg, 0.297 mmol) and K2CO3 (164 mg, 1.19 mmol) under argon was added anhydrous DMF (120 mL). The reaction mixture was stirred at room temperature for 20 mins before 6 (100 mg, 0.297 mmol) was added. The reaction was then heated to 85 o C and stirred overnight. After cooling to room temperature, the crude mixture was concentrated in vacuo and precipitated into a 1 M HCl solution. The suspension was filtered and the resulting crude solid was purified by recrystallization (CHCl3/EtOH) to obtain 7.
Yield: 40 mg (29%), yellow powder; mp >300 o C. 
